This paper reports dimensional dependence of the mechanical response in carbon nanostructure composites to near-infrared (NIR) light. Using polydimethylsiloxane, a common silicone elastomer, composites were fabricated with one-dimensional multi-wall carbon nanotubes (MWNTs), two-dimensional single-layer graphene, two-and-a-half-dimensional graphene nanoplatelets and three-dimensional highly ordered pyrolytic graphite. An evaporative mixing technique was utilized to achieve homogeneous dispersions of carbon in the polymer composites, and their photomechanical responses to NIR illumination were studied. For a given carbon concentration, both steady-state photomechanical stress response and energy conversion efficiency were found to be directly related to the dimensional state of the carbon nanostructure additive. A maximum observed stress change of ∼60 kPa and ∼5 × 10 −3 % efficiency were obtained with just 1 wt% MWNT loading. Actuation and relaxation kinetic responses were found to be related not to dimensionality, but to the percolation threshold of the carbon nanostructure additive in the polymer. Establishing a connective network of the carbon nanostructure additive allowed for energy transduction responsible for the photomechanical effect to activate carbon beyond the NIR illumination point, resulting in enhanced actuation. For samples greater than percolation threshold, photoconductivity of the nanocomposite structure as a function of applied pre-strain was measured. Photoconductive response was found to be inversely proportional to applied pre-strain, demonstrating mechanical coupling. Mechanical response dependence to the carbon nanostructure dimensional state could have significance in developing new types of carbon-based mixed-dimensional composites for sensor and actuator systems.
Introduction
Carbon, the fourth most abundant element in the universe [1] , plays a vital role not only cosmically in interstellar evolution [2] , but also terrestrially both as a fundamental building block of life [3] as well as in cutting-edge man-made devices such as sensors and actuators [4, 5] . Carbon exists in various forms, or allotropes, with the best known being graphite, diamond and amorphous carbon [6] . Allotropes have a wide variety of unique properties, for example hardness, which ranges from 10 for diamond [7] (Mohs mineral hardness scale) to just ∼1.5 for graphite [8] . For thousands of years, these two forms were the only known carbon allotropes [6] . Recently, in addition to the discovery of altogether different allotropes, synthetic carbon forms have expanded the already known families. For example, synthetic graphitic carbon forms such as buckyballs [9] , nanotubes [10] and graphene [11] have emerged as some of the most widely researched materials during the past decade due to interesting physical properties, which include extraordinary mechanical strength [12] , high electron mobility [13] , room temperature quantum Hall effect [14] and optical absorption [15] [16] [17] [18] .
Graphitic carbon forms are comprised of hexagonal rings of carbon atoms joined by hybridized sp 2 bonds [19] . Single-wall carbon nanotubes (SWNTs) are hollow onedimensional (1D) tubes of carbon atoms with nanometer diameters and lengths in the micron range, while multi-wall carbon nanotubes (MWNTs) can be thought of as two or more concentric SWNTs (figure 1(a)) [10] . Single-layer graphene (SLG) is an atomically flat two-dimensional (2D) sheet of carbon atoms arranged in a honeycomb lattice (figure 1(b)) [11] . Few-layer graphene, or graphene nanoplatelets (GNPs), are comprised of ∼3-5 atomic layers of graphene [20] . Due to this layering, they can be thought of as two-and-a-half-dimensional (2.5D) nanostructures (figure 1(c)). Finally, anything greater than ∼10 sheets of carbon atoms is considered a three-dimensional (3D) thin graphite film (figure 1(d)) [21] .
All of these new graphitic carbon forms have been widely synthesized, with their structure, electronic and optical properties characterized [10, 11, [22] [23] [24] . Recently a new type of photomechanical actuator based on graphitic carbon forms mixed in polymeric materials has demonstrated extraordinary mechanical response in SLG/polymer [25] , GNP/polymer [26] and carbon nanotube (CNT)/polymer composites [27] [28] [29] [30] [31] [32] [33] , thus revitalizing interest in photomechanical actuation. Photomechanical actuators have already shown possible applications encompassing photonic switches [34] , robotics [35] , plastic motors [36] , micro-opto-mechanical grippers [31, 33] and adaptive micro-mirrors [37] . While past research has extensively studied physical properties of synthetic graphitic nanostructures and their composites, none has reported on exploiting the dimensional state (1D, 2D or 3D) of the carbon nanostructure in the composite to affect an overall mechanical response. This could enable not only new types of mechanical actuators based on carbon nanostructure dimensionality, but also a variety of opto-electronic devices based on mixed-carbon nanostructures.
Of these devices, the most interesting are those based on carbon nanostructure additives dispersed within polydimethylsiloxane (PDMS), a common silicone elastomer. Carbon/PDMS composite photomechanical actuators have demonstrated both expansive as well as contractive mechanical responses. The extraordinary ability to both expand (at low applied pre-strains) and contract (at high applied pre-strains) is due to a phenomenon known as 'rubbery elasticity'. Discovered by Gough in 1805 and confirmed by Joule in 1859 [38] , they observed that rubber under a constant strain reversibly contracts upon heating. Homogeneously dispersing carbon nanostructure additives within the polymer provides not only increased mechanical strength for the polymeric chain network but also an efficient mechanism for thermal energy transduction from photons to polymeric chains. Therefore, structures fabricated from carbon/PDMS composites can be selectively pre-strained in order to achieve a desired response. For example, at low applied pre-strains (<∼10%), the constant load on the composites is less than the thermoelastic inversion point and therefore they exhibit expansion upon NIR illumination. However, at high applied pre-strains (>∼15%), the thermoelastic inversion point has been crossed, changing the coefficient of thermal expansion in the polymer from positive to negative. As such, subsequent NIR heating invokes a contractive response. This effect, combined with the ability to tailor polymeric properties through incorporation of carbon nanostructure additives, makes photomechanical actuation in nanocarbon/polymer composites both interesting and potentially a new vehicle for exploiting rubber elasticity in actuator applications. This paper investigates photomechanical responses to near-infrared (NIR) wavelengths of light in four different dimensional types of synthetic carbon nanostructure/PDMS composites with concentrations from 0.01 to 1 wt%, including MWNT/PDMS (1D), SLG/PDMS (2D), GNP/PDMS (2.5D) and highly ordered pyrolytic graphite (HOPG)/PDMS (3D). A dispersion method using slow evaporative mixing of nanostructured carbon in PDMS was developed to completely homogenize carbon within the final composite. Intriguingly, our results show direct correlation between increasing photomechanical stress and efficiencies with reducing dimensionality of carbon nanostructures in the composites. Extraordinary opto-mechanical energy conversion efficiencies of up to ∼5 × 10 −3 % were obtained, despite low carbon nanostructure concentrations (0.01-1 wt%). Additionally, actuation and relaxation kinetics were found to be related to the relationship of carbon additive to the percolation threshold (PT). These intriguing results provide a foundation for carbon-based micro-and nano-opto-mechanical systems, where the dimensional state of the carbon nanostructure can be exploited for use in advanced photonic and opto-electronic devices, photomechanical sensors and actuator applications. figure 2(a) ) with their 1D structure is that of nested, entangled, high aspect ratio tubes. Figure 2 (b) shows a wrinkled SLG sheet lying on the substrate. Wrinkles provide thermodynamic stability for the 2D sheet of carbon atoms, giving structural integrity and preventing self-collapse [21] . As feature height increases in 2.5D GNPs (figure 2(c)), stacks of disoriented plates are observed. The distinct contrasting morphology between SLG and GNP is remarkable given that the difference is due to just a few atomic layers of carbon. GNPs appear as rigid, partially transparent plates whereas SLG more resembles a draped silk sheet. Finally, true 3D features become apparent in HOPG nanostructures ( figure 2(d) ), whose SEM image shows hundreds of layers stacked on top of one another like sheets of paper. Raw carbon additive purity was confirmed via Raman spectroscopy prior to composite fabrication [25, 26] . The G band (graphite) and G bands were evaluated as they are known to shift position, shape and intensity with respect to the number of layers [39] . The G band decreased in frequency with increasing layers, following a 1/n dependence [40] . The G band exhibited more complex behavior than the G band, shifting from just a single Lorentzian peak (graphene), up to four peaks (bilayer graphene) and then finally just two Lorentzian peaks (graphite) [40] .
Results and discussion
Following extensive SEM and Raman characterization, dispersion of the carbon nanostructures in PDMS was the next step towards realizing photomechanical actuators. Sample homogeneity and carbon nanostructure dispersion state are critical factors affecting photomechanical response. For example, past reports on SWNTs have demonstrated that homogeneous distribution is crucial in the eventual photomechanical response [26] . For purely shear mixed dispersion methods, homogenization of the carbon nanostructure additive depends on mixing time. For short time shear mixed fabrication methods, some carbon nanostructure additives (such as CNTs) can act as particles rather than dispersed additives, resulting in suppression of photomechanical response, as seen in past reports [26] . Therefore, a fabrication method that utilized slow evaporative mixing (between the carbon additive, isopropyl alcohol (IPA) and PDMS base compound) over 18 h was developed to homogeneously distribute difficult-to-disperse additives [25] . The carbon nanostructure additive was first sonicated in IPA, then transferred to PDMS base compound through evaporative mixing, followed by cross-linker addition and finally spin-casting to produce homogeneous flexible thin films (60 µm). Once these composite films were fabricated, 3 mm × 60 mm samples were cut for testing. Figure 3 (a) presents an experimental test dynamometer set-up schematic showing vertical test sample orientation. The entire set-up was isolated inside a robotic black box and controlled remotely through a host computer, thus eliminating any mechanical response due to ambient light. Figure 3 (b) shows a screenshot of a carbon/PDMS sample undergoing testing. The test sample (circled) was mounted between the upper and lower clamp assemblies with the ∼3 mm × 3 mm NIR illumination point clearly visible at the sample vertical center. In order to demonstrate differences between local and global photomechanical responses, which are discussed later in the paper, only a fraction of the overall test sample was selectively illuminated. A power meter behind the test strip measured light transmitted through the sample, allowing calculation of light absorbed by subtracting the power meter reading from raw laser power. Due to practical difficulties in accurately measuring Young's modulus (E) using conventional methods, values of E were calculated from the stress induced in the samples as a result of pre-straining. Elastomers have the ability to sustain large deformations with essentially complete recovery [41] . Therefore Young's moduli values for each carbon type and concentration were determined using E = σ NIR off /ε for each pre-strain and an overall E determined by averaging the individual values. Young's modulus of PDMS is widely tunable, as a function of several factors, including the ratio of base compound to cross-linker [42] , baking time and temperature [43] , and amount as well as type of additives to the polymer [25, 26] . Past graphitic carbon reports project a doubling of E at relatively low carbon loading of ∼5% SLG [25] . Figure 4 (a) (left side) shows a compilation of stress responses during a single 60 s NIR on/off cycle over the entire range of pre-strains for 1 wt% SLG/PDMS. At 20 s, NIR illumination was switched on and photomechanical stress responses recorded. At 80 s, NIR illumination was turned off and the perturbed samples relaxed to their pre-strain equilibrium stress. As shown by the absolute stress response graph, prior to NIR illumination, a stress (σ NIR off ) was induced as a result of pre-strain. The relative NIR-induced stress (figure 4(a), right side) more clearly illustrates the three distinct stress response states exhibited by all carbon/polymer composites. At low prestrains (∼3-9%) composites expanded, moderate pre-strains (10-15%) resulted in minimal stress response change, and finally high pre-strains (>15%) resulted in sample contraction. Figure 4 (b) shows sample stability in long-term response testing in both expansive and contractive modes over the course of 24 h (∼1000 cycles) for 1 wt% SLG/PDMS. The two inset graphs show details of individual cycles, while only the magnitude of the stress response change is shown on the larger graph. The stability of the actuator both in expansive and contractive modes suggests minimal nonlinear viscoelastic effects, thereby maintaining the original polymer configuration [44] .
Next, effects of photomechanical response and actuation kinetics as a function of dimensionality of carbon nanostructures were investigated. Figure 5(a) illustrates the relationship between steady-state photomechanical actuation and carbon dimensional state. Starting with a 3D carbon additive (HOPG), and dropping to a 1D additive (MWNT), the plots show photomechanical response from 3 to 40% pre-strains. An intriguing result was observed; as the dimensionality of the carbon nanostructure additive in PDMS polymer decreases, the NIR-induced photomechanical stress response increases. MWNT-based (1D) composite witnessed the maximum stress response seen in any of the composites, followed by SLG (2D), GNP (2.5D) and HOPG (3D), respectively. Upon NIR illumination, a number of events occur before final photomechanical response is achieved. These include photon absorption by the carbon nanostructure additive and subsequent energy transduction to the polymeric chains, resulting in expansion or contraction of the polymer (depending on applied pre-strain). No stress response was seen in pure PDMS samples upon NIR irradiation; thus photomechanical response is due to the presence of each type of carbon nanostructure in the composite [26] . Figure 5 (b) details actuation and relaxation photokinetics. In order to show expansive as well as contractive modes, normalized 3% and 35% pre-strain curves for each carbon nanostructure were plotted. Interestingly, rather than a dependence on dimensionality, kinetics were found to be related to PT. Composite PT is a critical value at which conductive (carbon) additives within an insulating host matrix (PDMS) result in the composite becoming electrically conductive [45] . Crossing this threshold is accompanied by a resistance drop of several orders of magnitude. Curves were fitted to experimental actuation and relaxation data by incorporating the Kohlrausch-Williams-Watts function [46] as
], respectively. Regardless of dimensionality, responses for carbon nanostructure composites at loadings less than the PT were found to be nearly identical and distinctly different than those for loadings greater than the PT. At 1.5 s for both actuation and relaxation, the time constant (τ ) for carbons less than the PT was much quicker than that for carbon greater than the PT (3.5-4 s). As shown by a lack of a conductive network, quicker response times indicate that the photomechanical effect is localized to the area of NIR illumination. A longer actuation time, as given in the 1D system, indicates the photomechanical energy conversion response is spreading throughout the actuator (beyond the illumination point), and thus requiring longer time to reach equilibrium. As the PT is breached, photomechanical response not only occurs at the NIR illumination point, but also bleeds into the surrounding areas where carbon has established a connective network. Therefore, by crossing the PT, photomechanical energy conversion and subsequent mechanical responses change from localized to global effects, resulting in amplified response due to more activated carbon. Selectively illuminating only a portion of the strip helps highlight the increase in stress with the change from local to global responses. Different relaxation times between carbons less than and greater than the PT are different from past reports, which recount identical relaxation times regardless of loading [44] . Further evidence that photomechanical energy transduction is spreading beyond the area of NIR illumination is given by the stretching exponent (β). Carbon additives less than the PT follow classical polymer Debye kinetics (β = 1). For carbons tested greater than PT, β = 1.2 for actuation, indicating an influence by the carbon network outside the NIR illumination point. For the methods used in these experiments, the only carbon nanostructure to establish a conductive network by 1 wt% was MWNT/PDMS. It is believed that the fibrous nature of the MWNTs allowed formation of an electrical network at much lower concentrations than the thick stacked paper-like HOPG, plate-like GNPs or sheet-like SLG. While further research is necessary, it is expected that, for a given fabrication method, the PT also follows a dimensional relationship, where 1D nanostructures can establish a PT at lower wt%'s compared to their 2D and 3D counterparts. Rather than being a set value, PT is dependent on a variety of factors including dimension of the carbon nanostructure (amount of anisotropy) [47, 48] , type of carbon (SWNT, MWNT, etc) in the polymer [49] and dispersion method [50] . An assortment of PT values for CNTs have been reported, ranging from 0.0025 to 4 wt% [50, 51] . Therefore, it is expected that PTs for graphene will depend on factors such as number of layers, length and width of the sheets and plates, and finally the amount of carbon in contact with the polymer for both SLG and GNP [25] .
Further evaluating the effect of PT, figure 6 shows details for MWNT/PDMS, the only additive to reach PT for the wt%'s evaluated. Figure 6(a) shows the resistance versus pre-strain relationship for MWNT/PDMS at 0.1, 0.5 and 1 wt% concentrations (note: resistance axis is a log scale). At 0.1 wt%, the composite is essentially an open circuit: however, by 0.5 wt%, a tell-tale drop of approximately three orders of magnitude in resistance occurs, which signals crossing the PT. For composites greater than PT, as pre-strain increases a corresponding increase in resistance is witnessed. Pre-straining the sample resulted in a decrease in the number of nanotube junctions that determine overall network resistance [52] . Figure 6 (b) shows this effect as well as that of NIR illumination on a 1 wt% sample. Due to the resistance axis being a linear vice log scale as in figure 6(a) , increase in NIR off resistance with increasing pre-strain is easier to observe. Figure 6 (b) also shows, regardless of pre-strain, a decrease in resistance with NIR illumination, signaling electron-hole (e-h) pair generation or electrostatic interactions. Photoconductivity dependence of composites on pre-strain is intriguing and could be quite useful as adaptive skins for structural health monitoring of aerospace frames, where strains could be continuously monitored using photoconductive measurements. The resistance value for a given carbon concentration and pre-strain can be modeled by standard geometric power functions R NIR off = αe βε and R NIR on = γ αe βε with two concentration fitting parameters (α and β), and an illumination factor (γ ), which is a function of pre-strain (ε). As pre-strain increases, the effect of NIR illumination diminishes. At a pre-strain of 3%, NIR on resistance decreases by ∼30%; however, by a pre-strain of 40%, the drop is just 10%. Figure 6 (c) more clearly illustrates this effect, which shows the ratio of NIR on to NIR off for various wt% concentrations. As it is less than PT, the 0.1 wt% curve shows no change in resistance as a result of NIR illumination. By 0.5 wt%, however, carbon loading is above PT and thus the ratio of NIR on/off shows a measurable resistance change. For 0.5 wt%, this change runs from ∼75% at 3% pre-strain to ∼95% at 40% pre-strain. As wt% loading increases, the effect also increases, as is shown by the 1 wt% curve, which runs from ∼70% at 3% pre-strain to ∼90% at 40% pre-strain. These results suggest that establishment of a connective network of carbon additive in the polymer is a critical consideration for such an extraordinary photomechanical response. Dependence of photoconductivity on applied pre-strains of the composites suggests e-h pair generation due to interband transitions [53, 54] . It is possible that adding small amounts of low-dimension carbon nanostructures, such as CNTs, to higher-dimensional carbons, such as SLG, GNP or HOPG, will create mixed-dimensional composites with artificially lowered PTs resulting in enhanced actuation and photoconductivity. Figure 7 provides an overview of the dimensionaldependent photomechanical responses. Figure 7 (a) shows change in stress as a function of concentration (0.01-1 wt%) in the four carbon additives. As described previously, for a given concentration, the lowest-dimension (MWNTs, 1D) has the highest response. As dimensionality increases, response decreases. Figure 7 (b) shows the photomechanical stress response dependence of laser power for a 1 wt% concentration. This response also follows a dimensionality relationship and was modeled by σ ≈ α[1 − exp(−P/β)], with dimensionally dependent coefficients (α and β) and laser power (P). Corresponding curve fitting equations for both σ and efficiency (η) as a function of carbon nanostructure concentration (C i ) and dimension (d i ) are given in figures 7(a) and (c), respectively. The slope of the curves shows that lower-dimension carbon additives are more efficient at converting light to photoresponses than their higher-dimensional counterparts. Figure 7 (c) shows in greater detail efficiency as a function of concentration (all for 40% pre-strains). Since photoresponse was highest at 40% pre-strain, this value was chosen to display for efficiency values. Figure 7 (d) details the efficiency for the MWNT/PDMS sample at 0.1, 0.5 and 1 wt%. Since efficiency shows effectiveness of converting laser power into a measurable response, the efficiency curves show similar trends as the relative stress changes. At low pre-strains, there is a slight expansion of the composite; therefore, efficiency is small. At moderate pre-strains, composites have a negligible response and thus the efficiency is also negligible. Negligible efficiency merely indicates a balance between applied pre-strains and photomechanical forces. Finally at high pre-strains, samples showed a large contraction, thus a large associated efficiency. It is possible that efficiency is also greatly dependent on carbon loading with respect to PT. Crossing the PT leads to a more global response, thus activating more carbon and resulting in enhanced efficiency.
Conclusions
This paper showcases the importance of dimensional state of carbon nanostructure in carbon/polymer composites for affecting overall photomechanical stress and efficiency responses. Carbon/PDMS composites were fabricated from four different carbon nanostructure dimensions, including MWNTs (1D), SLG (2D), GNPs (2.5D) and HOPG (3D). An evaporative mixing technique was developed, which assisted in achieving homogeneity of difficultto-disperse carbons within PDMS. Experimental results revealed several interesting dimensionally dependent and PT-dependent characteristics. First, as dimensionality of the carbon nanostructure additive in PDMS polymer decreases, the NIR-induced photomechanical stress response increases. The lowest-dimension additive (MWNTs, 1D) was the most effective at NIR photon absorption and subsequent energy transduction to the polymeric chains. This relationship held true both at various wt% loading of carbon nanostructures as well as NIR illumination intensities. A maximum observed stress change of ∼60 kPa and ∼5 × 10 −3 % efficiency were obtained with just 1 wt% MWNT loading, which is two orders of magnitude higher than for commercial polymers such as polyvinylidene fluoride [55] and azobenzene-containing polymers and gels [56] . Likewise, efficiency also follows the same dimensional dependence, with lower-dimensional carbon nanostructures (such as MWNTs) more efficient at converting NIR light to photomechanical responses than their higher-dimensional counterparts (such as HOPG). On the other hand, actuation and relaxation kinetic responses were found to be related not to dimensionality, but rather to the PT of the carbon nanostructure additive in the polymer.
Composites at wt%'s less than PT responded with nearly identical actuation and relaxation times, regardless of dimensionality. However, composites at wt%'s greater than PT responded not only slower for both actuation and relaxation, but also had a higher magnitude of photomechanical stress response. This indicates that establishing a connective network of the carbon nanostructure additive allowed for energy transduction responsible for the photomechanical effect to activate carbon beyond the NIR illumination point, changing from a localized (at the NIR illumination point) to a global (in the entire composite) response. The crossover from local to global response carries both benefits-such as greater overall photomechanical stress and higher efficiencies, as well as drawbacks-such as longer actuation and relaxation times required to reach steady-state conditions. However, these longer actuation and relaxation times are still measured on a timescale in seconds, as opposed to other photomechanical composites such as shape memory polymers that require ∼60 min for relaxation [57] . For composite samples greater than PT, photoconductivity responses to NIR illumination were also measured and found to be dependent on wt%, as well as applied pre-strain. Increasing the wt% loading in the composite increased the number of overall carbon junctions, resulting in decreasing test sample resistance. When composite samples greater than PT were exposed to NIR illumination, resistance decreased, showing e-h pair generation within the composite reaching electrodes at the ends of the sample. These measurements also show connectivity of MWNTs in the samples. As increasing amounts of pre-strains were applied to the test composites, the amount of NIR illumination-induced change diminished.
Dimensional dependence of mechanical responses, electrical conductivity, optical properties and magnetic properties of carbon nanostructures will be fundamental in developing future micro-and nanodevices. Furthermore, systems based on two or more carbon nanostructures either in thin films or polymeric materials constitute 'mixeddimensional systems'. For mixed-dimensional systems, thermal conductivity, electron transport, photoconductivity, thermoelectric power and optical absorption are expected to be different compared to their single carbon nanostructure counterparts, and be dependent on geometry, anisotropy and orientation of the carbon additives. First, at intersecting dimensional state junctions, density-of-states differences between 1D and 2D systems can lead to modulation of electrical conductivity. Second, photoconductivity could depend on mixed-dimensional states, possibly impacting a variety of opto-electronic and solar devices. Third, the thermoelectric power of graphene has been reported to be ∼80 µV K −1 at room temperature [58] , and that of carbon nanotubes ∼40 µV K −1 [59] . Therefore, mixed-dimensional systems consisting of nanotubes and graphene may exhibit built-in electric fields due to the difference in thermoelectric power. Fourth, differences in carbon dimensional state could be used to create composites with different optical absorption characteristics, which could impact infrared sensors [60] and allow for photomechanical actuators with built-in optical filters. Fifth, recent reports on mixed-dimensional carbon forms (SWNT (1D) mixed with GNP (2.5D)) as fillers in polymeric materials resulted in higher thermal conductivity than their individual counterparts as fillers [61] . Synergistic effects that are created by interaction of CNTs with GNPs was shown to reduce the interfacial resistance for thermal conduction [61] .
In future applications, a variety of devices can be envisioned that exploit both dimensional-and percolationdependent photomechanical traits of carbon nanostructured composites. For example, as fundamental materials for thin-film smart adaptive skins, localized actuation responses can be achieved in carbon nanostructure composites by keeping carbon loading at less than PT and incorporating a NIR laser control system that projects desired stress response patterns on the composite surface. Such a composite in aerospace applications could help replace traditional flight control surfaces. On the other hand, wide area deformations or stress responses can be achieved with carbon loading greater than PT and a single NIR source illuminating the composite, thus initiating global photomechanical responses. One possible application of a global response composite is that of a central NIR source surrounded by a multitude of pre-strained carbon nanostructured strips. NIR illumination on would cause strips to contract in unison, mimicking the function of muscle tissue. Such muscle tissues could serve as building blocks of future photomechanical robots. However, regardless of the eventual applications, fundamental knowledge of dimensionally dependent photoresponse in both single and mixed-carbon nanostructure composites will enable researchers to approach complex challenges from an entirely different design philosophy for electronics, photonics, sensing, actuation and biomedical applications.
Methods

General set-up
MWNTs purchased from Applied Nanotechnologies were 98.40% pure. SLG purchased from ACS Material consisted of >99% purity. Research grade GNPs were purchased from Cheap Tubes, Inc., had >99% purity and ∼3 layers. HOPG purchased from Cheap Tubes, Inc., was >99% purity. The term 'wt%' used throughout the paper refers to the ratio of carbon additive to PDMS base compound. All carbon types were used in their original form and not surface-modified at any time. Fisherbrand 75 mm × 50 mm glass slides were used extensively for PDMS composite sample preparation. An 808 nm, 500 mW laser served as the NIR illumination source. All experiments were conducted in a climate-controlled laboratory. Test equipment was operated inside a light-isolated enclosure mounted on an active-air suspension table. Webcams inside the testing enclosure were continuously monitored to ensure all control gear operated properly.
Evaporative mixing procedure
150 mg of carbon additive (SLG, MWNT, GNP or HOPG) was mixed with 100 ml of IPA and sonicated for 4 h at 50 • C (Cole-Parmer 8892). PDMS silicone elastomer obtained from Dow Corning (Sylgard 184) was used as the host matrix. PDMS is a two-part solvent-free flexible silicone organic polymer in the form of a base compound with a separate hydrosilane curing agent that acts as a cross-linker. After sonication, 15 g of PDMS base compound was added to the carbon/IPA mixture. This solution was placed on a 100 • C hotplate and a magnetic stir bar added. During ∼18 h, the IPA slowly evaporated, leaving a carbon/PDMS base compound mixture. Temperature was monitored such that the solution never boiled, but rather was kept warm. The carbon was easily dispersed in the IPA and the homogeneous dispersion transferred to the PDMS base compound. The carbon/PDMS base compound changed consistency when the IPA was boiled off. Removal of the IPA was verified through consistency as well as container markings indicating initial PDMS base compound level. After removal of the IPA, the 1 wt% evaporative mixed-carbon additive/PDMS base compound solution was diluted with pristine PDMS base compound to wt% ratios of 0.5, 0.1 and 0.01. Taking into account the carbon additive, cross-linker was then added at a ratio of 1:10 and shear-mixed for 5 min. To remove trapped air pockets, prepared polymers were degassed for 30 min. Approximately 3 g of each wt% liquid polymer mixtures was deposited on glass slides. A standard spin-coating process at 750 rpm for 150 s produced nominal 60 µm thick films. High temperature curing at 125 • C for 20 min was employed to finish the crosslinking process in the polymer. Finally, samples were left for a minimum of 12 h at room temperature prior to testing. PDMS test strips were cut with sample dimensions 60 mm × 3 mm (50 mm of active test area, with 5 mm on each side for test fixture mounting).
Laser power measurement
A laser power meter (Newport 1918-C) measured laser power transmitted through the sample. Laser spot size was ∼3 mm × 3 mm; therefore the area exposed to NIR radiation was ∼9 mm 2 . Power absorbed in the samples was determined by subtracting power meter readings during sample testing from total laser power.
Stress test experimentation
Photomechanical stress response to NIR illumination as a function of pre-strain was evaluated for pre-strains (ε) ranging from 3 to 40%. At each pre-strain value, test composites underwent five cycles of NIR illumination on for 60 s, followed by NIR illumination off for 30 s. The magnitude of actuation was highly repeatable for each test sample and composites exhibited elastic response characteristics throughout all pre-strain values. PDMS composite test samples were mounted vertically between two clamps. The bottom clamp was attached to a weighted (65 g) base and placed on a high accuracy balance (Acculab ALC-80.4). The upper clamp was attached to an automated linear actuator that was in turn mounted on a high accuracy manual positioning stage. The NIR laser source was mounted on a linear actuator with the diode placed ∼200 mm from the center of the test strip such that illumination impacted normal to the PDMS surface. Electrodes were attached to each end of the test sample and resistance monitored on a Keithley 2700 digital multimeter. Deformation in composite strips as a result of NIR illumination caused a change in weight readings on the balance. Once light was turned off, both the actuator and balance returned to their original length/reading, respectively. Actuation was quite repeatable from cycle to cycle with nearly the same displacement amplitude. Stress test standardization was accomplished by finding the zero strain value of each sample and zeroing the balance. Engineering stress calculations (referred to as stress throughout the paper) were made by dividing the change in force between illumination on and off by the cross-sectional area of the test samples. Long-term stress responses consisted of 500 NIR on/off cycles conducted at 3% and 20% pre-strains, for a total of 1000 cycles over ∼24 h. For clarification and comparison throughout the paper, NIR off stresses were 'zeroed', resulting in relative NIR-induced stress graphs as shown in figure 4(a) (right side).
Efficiency calculations
Efficiency values were calculated at every pre-strain value for each carbon nanostructure type and concentration using the spring model. For pre-strains of up to 40%, force was found to be approximately linearly proportional to the displacement, therefore justifying use of the spring model. First, force photomechanical forces (F) as a function of NIR-induced stress (σ ) and composite cross-sectional areas (A, typically about 0.18 mm 2 ) were determined:
Following a similar methodology as in [62] , Hooke's law was rearranged in order to determine spring constants for the elastic samples (where x is NIR-induced photomechanical deformation):
Next, the spring constants used to find potential energies at each pre-strain were determined, and used to calculate actuator efficiencies (η): PE = kx 2 /2 η = PE/(Pτ ).
Supplied laser energies (P) were determined by multiplying the power absorbed by the sample (P absorbed ) by the incident area through the sample (A incident ) and dividing by the NIR illumination point size (A point ):
A incident = h NIR t sample P = P absorbed A incident /A point .
Actuation time constant (τ ) values were found to vary between ∼5 and ∼10 s. Therefore, a standard value of 10 s was used in order to obtain the most conservative results.
